Optical signal to noise ratio improvement through unbalanced noise beating in phase-sensitive parametric amplifiers by Malik, Rohit et al.
Chalmers Publication Library
Optical signal to noise ratio improvement through unbalanced noise beating in
phase-sensitive parametric amplifiers
This document has been downloaded from Chalmers Publication Library (CPL). It is the author´s
version of a work that was accepted for publication in:
Optics Express (ISSN: 1094-4087)
Citation for the published paper:
Malik, R. ; Kumpera, A. ; Olsson, S. (2014) "Optical signal to noise ratio improvement
through unbalanced noise beating in phase-sensitive parametric amplifiers". Optics Express,
vol. 22(9),  pp. 10477-10486.
http://dx.doi.org/10.1364/oe.22.010477
Downloaded from: http://publications.lib.chalmers.se/publication/200061
Notice: Changes introduced as a result of publishing processes such as copy-editing and
formatting may not be reflected in this document. For a definitive version of this work, please refer
to the published source. Please note that access to the published version might require a
subscription.
Chalmers Publication Library (CPL) offers the possibility of retrieving research publications produced at Chalmers
University of Technology. It covers all types of publications: articles, dissertations, licentiate theses, masters theses,
conference papers, reports etc. Since 2006 it is the official tool for Chalmers official publication statistics. To ensure that
Chalmers research results are disseminated as widely as possible, an Open Access Policy has been adopted.
The CPL service is administrated and maintained by Chalmers Library.
(article starts on next page)
Optical signal to noise ratio improvement 
through unbalanced noise beating in phase-
sensitive parametric amplifiers 
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Abstract: We investigate the beating of signal and idler waves, which have 
imbalanced signal to noise ratios, in a phase-sensitive parametric amplifier. 
Imbalanced signal to noise ratios are achieved in two ways; first by 
imbalanced noise loading; second by varying idler to signal input power 
ratio. In the case of imbalanced noise loading the phase-sensitive amplifier 
improved the signal to noise ratio from 3 to 6 dB, and in the case of varying 
idler to signal input power ratio, the signal to noise ratio improved from 3 to 
in excess of 20 dB. 
©2014 Optical Society of America 
OCIS codes: (060.2320) Fiber optics amplifiers and oscillators; (190.4970) Parametric 
oscillators and amplifiers; (190.4380) Nonlinear optics, four-wave mixing. 
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1. Introduction 
Phase sensitive amplifiers (PSAs) have the capability to provide the ideal optical amplifier 
noise figure (NF) of 0 dB [1]. This implies that under ideal conditions the input and output 
signal to noise ratios (SNRs) of a PSA are equal. Since in an optical communication link, the 
transmission reach is primarily constrained by the signal SNR [2], PSAs have attracted much 
attention recently. On the contrary in a phase insensitive amplifier (PIA) such as Erbium-
doped fiber amplifier (EDFA), Raman amplifier (RA) etc. signal SNR is degraded by a 
minimum of 3 dB due to PIA’s 3-dB quantum-limited NF [3]. The fundamental principle 
behind PSA’s NF of 0 dB is the coherent beating of the signal with a correlated copy of itself. 
PSAs have been successfully demonstrated both in second order (χ2) nonlinear media and in 
third order (χ3) nonlinear media [4–7] and employed in wide range of applications like signal 
phase regeneration [8], low noise amplification [9], imaging [10] etc. In χ3 media such as 
optical fibers, a PSA can be realized by cascading two fiber optical parametric amplifiers 
(FOPAs). The first FOPA generates a correlated copy of a signal, also known as idler, through 
four-wave mixing (FWM) [6]. Then in the second FOPA, the signal and idler waves add 
coherently while uncorrelated components like stochastic noise add incoherently, leading to a 
gain difference between the two. The first and second FOPA are often referred to as copier 
and PSA, respectively. The noise from the copier however is also correlated due to the phase 
dependent nature of the parametric gain. This noise can be decorrelated by introducing 
lumped loss or a spool of single mode fiber (SMF) between the two FOPAs when the latter 
represents a loss-gain single-span transmission link. This loss attenuates the noise from the 
copier stage so that the noise from vacuum fluctuations (also known as quantum noise) 
dominates. This is known as a copier-loss-PSA scheme. This scheme has shown a 6-dB link 
NF advantage over a PI amplified link [9]. A further improvement in SNR can be achieved 
with increasing number of waves (modes) of the PSA. For example in [11] a 4-mode PSA 
showed a 12 dB SNR improvement over a PIA. However in studies of PSAs as low noise 
amplifiers, all the waves at the PSA input are assumed to be shot noise limited, that is, the 
dominated noise source is from vacuum fluctuations. However, this may not be the case under 
some practical applications of PSAs, for example in the demonstration of PSA as an inline 
amplifier for multi-span experiments used PSA and erbium-doped fiber amplifier (EDFA) 
hybrid scheme [12]. It has been also suggested that using distributed Raman amplification 
(DRA) with PSAs can be a viable way to further increase the transmission reach [6]. In both 
previously mentioned cases, i.e., when EDFA and DRA are used in conjunction with PSA, the 
noise in signal and idler bands at the input of the PSA can be much higher than the quantum 
noise level. However this noise from either EDFA or DRA will be uncorrelated on signal and 
idler unlike the noise from the copier implying only half of the noise will add constructively. 
Recently we showed that when the noise level in the signal and the idler bands at the PSA 
input is significantly above the quantum noise level, then PSA provides a 3 dB optical SNR 
(OSNR) improvement [13]. The OSNR improvement was quantified for the level of the 
excess noise into the PSA. In another work PSA NF and gain performance versus the ratio of 
signal to idler input powers were evaluated [14]. When a PSA is used in conjunction with a 
PIA, its input modes can acquire imbalanced OSNR due to uneven gain and NF profiles of 
PIA. In this paper we complete the picture and varied both the signal and the idler OSNR at 
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the input of the PSA. First the signal-idler input OSNRs were unbalanced through asymmetric 
noise loading while keeping the signal-idler input powers equal. In this case, the OSNR 
improvement changes between 3 to 6 dB depending on the noise level present in signal and 
idler bands. Second the noise level in both bands was kept fixed and balanced while changing 
the signal-idler input power ratio. In that case, the OSNR improvement ranges from 3 to in 
excess of 20 dB. The OSNR improvement associated with imbalance noise loading is also 
verified by performing bit error rate (BER) tests on a 10 Gbit/s on-off keying signal. A simple 
theory is formulated and matches the experimental results very well. 
2. Theory 
In the section we derive a simple theory for beating between waves with imbalanced OSNR. 
Under the large-photon-number assumption, PSAs can be modeled in a simplified manner 
using a semi-classical approach which uses complex amplitudes to define the optical fields of 
input and output waves [15]. Properties of the amplifier itself are defined via complex transfer 
matrix of size m m×  where m denotes the number of modes. The input-output relation of the 
two-mode amplifier is then defined as 
 , , ,* * * * *
, , ,
               
+
=
+
out sig in sig in sig
out idl in idl in idl
E E n
E E n
μ ν
ν μ  (1) 
where E denotes input and output (in|out) optical fields of signal and idler (sig|idl) . E contains 
both deterministic and nondeterministic parts. Noise fields at the input , |in sig idln  consist of two 
independent components 
 , | , | , |= +in sig idl cpl sig idl vac sig idln n n  (2) 
which are the noise coupled onto each mode (also referred to as loaded noise in this study) 
and quantum noise originating from optical field zero-point vacuum fluctuations. The large-
photon-number assumption allows the quantum noise to be treated as an additive Gaussian 
noise having a zero mean value, 0vacn  = , and variance of 2| | / 2vacn hf  =  at a specified 
frequency f , where h  is Planck's constant and <> denotes a statistical average. The matrix 
coefficients satisfy the auxiliary relation 2 2| | | | 1μ ν− = . They account for physical properties 
such as power, length and nonlinearity coefficient [16]. The pump power in the transfer 
matrix method is considered constant [17], i.e., there is no pump depletion. It is customary to 
define a PI gain as 2| |G μ= so then 2| | 1Gν = − . The PI mode occurs when there is no idler 
mode at the input , 0sig idlE = . Assuming signal-idler pair and noise fields are mutually 
uncorrelated, the output powers of signal ,out sigP  and idler ,out idlP  using Eq. (1) are given by 
 1/2, , , , ,( 1) 2[ ( 1) ] cos= + − + −out sig in sig in idl in sig in idlP GP G P G G P P θ  (3) 
 1/ 2, , , , ,( 1) 2[ ( 1) ] cos= − + + −out idl in sig in idl in sig in idlP G P GP G G P P θ  (4) 
where 2, | , || | .in sig idl in sig idlP E=    Phase-sensitive operation is expressed through 
sig idlμ νθ ϕ ϕ ϕ ϕ= − − −  where μϕ  and vϕ  are phase angles of complex matrix coefficients and 
sigϕ , idlϕ  are phase angles of signal and idler complex amplitudes. Since pump, signal and 
idler are considered ideally phase-matched then 0;θ = and we get maximum PS gain. 
Signal ,out sigN  and idler ,out idlN  noise powers are derived also from Eq. (1) (nondeterministic 
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part of E ), but since we assume they are completely uncorrelated the phase-related term 
becomes zero. 
 , , , , ,( ) ( 1)( )= + + − +out sig cpl sig vac sig cpl idl vac idlN G N N G N N  (5) 
 , , , , ,( 1)( ) ( )= − + + +out idl cpl sig vac sig cpl idl vac idlN G N N G N N  (6) 
All noise powers N  are defined as variances 2, | , || |cpl sig idl cpl sig idlN n=    and 2, | , || |vac sig idl vac sig idlN n=   . 
Input and output OSNR of signal or idler is then defined as 
 , |, |
, | , |
=
+
in sig idl
in sig idl
cpl sig idl vac sig idl
P
OSNR
N N
 (7) 
 , |, |
, |
=
out sig idl
out sig idl
out sig idl
P
OSNR
N
 (8) 
If we assume high-gain ( 1)G  with both input signal and idler being equal in power 
, ,( )in sig in idlP P=  and coupled noise levels being dominant (well above the quantum noise level) 
then the difference of the output-input OSNRs of both modes |( )sig idlOSNRΔ  are simplified as 
 , | , ||
, | , ,
4
Δ = =
+
out sig idl cpl sig idl
sig idl
in sig idl cpl sig cpl idl
OSNR N
OSNR
OSNR N N
 (9) 
This OSNRΔ  can also be called as the NF of the optical amplifier. It can be easily seen that 
when the coupled noise levels of both modes are equal the OSNR at the output is 3dB higher 
than at the input [13]. As the noise level of one of the modes is decreased, e.g., idler, the 
OSNR difference of the signal ( )sigOSNRΔ asymptotically reaches a factor of 4 (6 dB). 
However, based on the definitions in Eq. (7), 8) as we approach the quantum noise level with 
coupled noise (on both modes) the assumption of dominant coupled-noise does not hold 
anymore and the OSNR difference will deteriorate back to the factor of 2 (considering only 
signal power here). If we consider a four-mode parametric amplifier [16] and we carry out the 
same derivations and assumptions as with the two-mode amplifier the OSNR difference for 
the signal is 
 ,4
, , 1 , 2 , 3
16
−Δ =
+ + +
cpl sigmode
sig
cpl sig cpl idl cpl idl cpl idl
N
OSNR
N N N N
 (10) 
where three other sidebands are denoted as idlers ( 1 | 2 | 3)idl idl idl . In this case if all coupled 
noise levels are equal in power then we gain a signal OSNR difference of 4 (6 dB). On the 
other hand decreasing noise levels of three idler sidebands leads to an OSNR improvement of 
16 (12 dB) for the signal. 
3. Experiment and results 
Figure 1 shows the experimental set-up. The pump seed was provided by a fixed wavelength 
laser source (Orbits-Lightwave) at the wavelength of 1554 nm, which was phase modulated 
by 2 sinusoidal tones with frequencies of 100 and 300 MHz in order to suppress the 
stimulated Brillouin scattering (SBS). The pump source was then boosted by an EDFA. 
#207867 - $15.00 USD Received 7 Mar 2014; revised 12 Apr 2014; accepted 16 Apr 2014; published 23 Apr 2014
(C) 2014 OSA 5 May 2014 | Vol. 22,  No. 9 | DOI:10.1364/OE.22.010477 | OPTICS EXPRESS  10480
PSA
EDFA EDFA
λs
Pump generation
CopierSignal generation
Pump- amplification
substage
Receiver
Pol.
λp
215 -1 , PRBS, 10 Gb/s λiλs
λp
λp λp
λs λi
OP1
PLL
Noise-loading stage
PM
IM
OSA
EDFA
1.5 nm
filter
λs
λi
EDFA
 
Fig. 1. Experimental set-up for noise loading. WS: Waveshaper; EDFA: erbium-doped fiber 
amplifier; OSA: optical spectrum analyzer; Pol: polarizer; FOPA: fiber optical parametric 
amplifier; PLL: phase locked loop; OSA: optical spectrum analyzer. 
The signal was generated by a tunable laser source and combined with the pump using a 
wavelength division multiplexing (WDM) coupler. Both the pump and the signal then entered 
the copier and a phase conjugated copy of the signal, the idler was generated through FWM. 
Signal and pump power into the copier was −10 dBm and 30 dBm respectively. The copier 
consisted of two strained Aluminium-doped highly nonlinear fibers (HNLFs) with an isolator 
between them [18], and provided about 10 dB of on-off gain. The total length of the HNLF 
was 230 m with a nonlinear coefficient of 10W−1km−1. The average zero-dispersion 
wavelength (ZDWL) of the fiber was 1542 nm. After the copier, the signal-idler pair was split 
from the pump into two separate arms. In the signal-idler arm an optical processor (OP1, 
Finisar Waveshaper) was used to control temporal and phase characteristics of the signal and 
the idler necessary for the tuning of phase-matching condition in PSA. OP1 was also used for 
adjusting the desired signal-idler input power ratios at the input of the PSA. In the pump arm 
we used a pump recovery unit consisting of three cascaded EDFAs to boost the pump power. 
The signal-idler pair and the pump were recombined through a WDM and launched into the 
PSA. The PSA also consisted of two strained Al-doped HNLFs with an isolator in between 
and provided an on-off gain of 17 dB (11 dB) in PS (PI) mode. The total length of the HNLF 
was 300 m with a nonlinear coefficient of 10 W−1km−1. The average ZDWL of this fiber was 
1539 nm. A phase locked loop (PLL) was used to keep the phase between signal, idler and 
pump stable against the mechanical and thermal drifts. The noise loading part consisted of a 
cascade of two EDFAs followed by a multi-wavelength optical filter. It was used to filter the 
noise in signal and idler bands only as well as to apply losses to vary signal-idler OSNR ratio 
at the input of the PSA. For OSNR measurements a polarizer followed by an optical spectrum 
analyzer (OSA) was used. The polarizer was used so that the noise only in the signal/idler 
polarization was measured. Figure 2 shows the ΔOSNR (OSNR at the output relative to that at 
the input of the PSA) for both the signal (blue circles) and the idler waves (red stars) versus 
the input idler – input signal OSNR difference. At point B in the Fig. 2, where the input idler 
– input signal OSNR difference is zero and the coupled noise level (−45 dBm) is significantly 
higher than the quantum level (−61 dBm @ 0.1 nm bandwidth [3]), the ΔOSNR is 2.7 dB 
(close to theoretical 3 dB) as also shown in [13]. The signal ΔOSNR varies from a 3 dB to a 
5.5 dB as idler input OSNR is increased while keeping the signal input OSNR constant. Also, 
as the idler input OSNR is degraded in comparison to signal input OSNR by injecting more 
noise into the idler band, the signal output ΔOSNR varies from a 3 dB to a −10 dB behaving 
almost linearly. For the idler output ΔOSNR case as idler input OSNR is degraded the output 
OSNR improves from a 3 to a 6 dB. On the contrary, when idler input OSNR is improved 
then its output OSNR degrades from a 3 to −10 dB. Solid lines in Fig. 2 were calculated based 
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on Eq. (9) and they depict the corresponding theoretical curves which match quite well with 
the experimental results. 
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Fig. 2. PSA output - input OSNR difference versus the input idler – input signal OSNR 
difference. Experimental points are depicted by circles (signal) and stars (idler) while solid 
lines are for theory using Eq. (9). 
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Fig. 3. PSA output - input OSNR difference versus the input idler – input signal power 
difference. Experimental points are depicted by circles (signal) and stars (idler) while solid 
lines are for theory. 
Next we study the effects of beating of waves with imbalanced OSNRs due to different 
signal-idler input power ratios to the PSA. Both waves had a nearly 3 dB better output OSNR 
when signal and idler powers were equal (each being −27 dBm). The idler input power at the 
input of the PSA was attenuated using OP1 in the signal-idler arm while keeping the signal 
power constant (−27 dBm). At the starting point (D) both waves had equal OSNR (21 dB 
single polarization). As the input OSNR for the idler wave was reduced the ΔOSNR for the 
idler increased but simultaneously signal ΔOSNR decreased from 3 to −3 dB. Using Eq. (3) 
and (5) the expression for signal output ΔOSNR can be readily found 
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as 1/2in,idl in,sig in,idl in,sig0.5(1 P / P 4(P / P ) )sigOSNRΔ = + + , under the assumption that noise coupled on 
both waves is equal. It is clear from this equation that the signal output OSNR will improve 
for higher idler to signal power ratio. Even though we ignore the Raman induced noise source 
in our theoretical expressions they match the experimental results very well. It can be stated 
that in situations of having an excess noise originating from amplifiers before PSA such noise 
contributions can be neglected. Figure 4 shows the noise beating more visually through 
optical spectra of the signal taken by an optical spectrum analyzer (OSA) for three situations 
marked as A, B and C from Fig. 2 and for three situations marked as D,E and F from Fig. 3. 
At point A output OSNR is lower than the input OSNR by 5 dB, at point B output OSNR is 
almost 3 dB better than the input OSNR and at C the output OSNR is better by a 5dB than the 
input OSNR. At point D the output OSNR is better than the input OSNR by 2.6 dB, at E the 
output OSNR is better than the input OSNR by 17 dB and at F the output OSNR is worse than 
the input OSNR by a 3 dB. As the idler power decreases towards and beyond coupled noise 
level, signal OSNR is deteriorated due to noise conversion into the signal band. On the other 
hand the idler is restored through the coherent wavelength conversion. Note that the output 
OSNR for the signal and the idler is always identical for all points as evident from looking at 
output spectra for point E and F. Therefore highly OSNR-unbalanced input waves will be 
balanced out after the PSA. 
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Fig. 4. Optical spectra corresponding to the points A, B and C in Fig. 2 and to the points D,E 
and F in Fig. 3.Blue dotted line is for output while red solid line is for input to the PSA. 
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Fig. 5. OSNR improvement versus PSA gain under unbalanced noise loading scenario. Red 
circles are for experimental data points and solid line is for theory from Eqs. (3-6). 
The advantage of the PSA as a noiseless amplifier starts to diminish for lower gain (<10 
dB) [19]. Here we have measured the OSNR improvements versus PSA gain under high and 
unbalanced noise loading regime. Figure 5 shows the output ΔOSNR versus the gain of the 
PSA. To begin with signal and idler OSNRs were unbalanced by 10 dB and PSA was set to) 
of input-output OSNR difference. As we reduce the gain by injecting less pump power into 
the PSA the improvement in OSNR starts to reduce. The theoretical curve based on Eq. (3), 
matches very well with the experimental data. By simplifying the equation and considering 
that we ignore the noise on the idler wave (as the noise on the signal is much higher) it can be 
easily seen that ( )1/2 Δ 2 1 / 2 1 1 /sigOSNR G G= − + − . Therefore to have a full advantage of the 
PSA it is necessary to have a minimum PSA gain of at least 20 dB. 
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Fig. 6. BER curves for different noise loading scenarios. 
Next we performed bit error rate (BER) tests for imbalanced noise loading. Figure 6 
shows BER measurements of the signal output for four different situations: phase–insensitive 
(PI, black squares) and phase-sensitive with balanced noise (PS-B, blue pentagons), with 
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signal OSNR lower than idler OSNR by 10 dB, corresponding to pint C in Fig. 2, (PS-
SigLow-IdlHigh, red stars) and with signal OSNR higher than idler OSNR by 10 dB, 
corresponding to pint A in Fig. 2, (PS-SigHigh-IdlLow, magenta circles). When signal and 
idler have balanced input OSNRs a sensitivity improvement of 2.7 dB was measured, close to 
value from OSNR measurements. For signal input OSNR significantly lower than idler input 
OSNR a sensitivity improvement of 5.8 dB was measured, again close to the measured OSNR 
improvement. On the other hand for signal input OSNR significantly higher than idler input 
OSNR a sensitivity degradation of 6 dB was measured, again close to the value from OSNR 
measurements. 
4. Discussion 
This study both theoretically and experimentally confirms that the improvement that PSA 
provides depends upon the input OSNR ratio of both waves (modes). Therefore it becomes 
important when we have PI amplifiers before PSA to choose carefully the location of the 
signal and the idler waves within their gain spectra. Up to now PSAs have shown inherent 
properties of not deteriorating signal OSNR, but here we have shown that the PSA can be 
efficiently used to restore a deteriorated OSNR wave. 
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Fig. 7. Performance of a 4-mode PSA. Signal ΔOSNR vs. input idler OSNR – input signal 
OSNR (a); signal ΔOSNR vs. input idler power – input signal power difference. 
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The working principle behind the restoration of a poor-OSNR wave is to coherently beat it 
with a correlated high-OSNR wave in a PSA. This is analogous to a coherent receiver where a 
weak signal beats with the strong local oscillator (LO). However, here the OSNR 
improvement takes place entirely in the optical domain. Furthermore, the OSNR improvement 
will increase with the number of modes. Figure 7 shows theoretical curves for the four-mode 
PSA case. In Fig. 7a, the input OSNR ratios are changed through different noise loading into 
the signal and idler bands. From Eq. (10), when ,cpl sigN is the dominant term, i.e., the noise in 
the signal band is much higher than the noise in the other three sidebands (idlers), signal 
ΔOSNR is close to factor of 16 (12 dB). For the noise balanced case, meaning all four 
sidebands have equal noise loaded on, the OSNR improvement will be 4 (6 dB). Figure 7b 
shows the input and output OSNR difference with input idler and signal power difference 
achieved by attenuating the input powers of the sidebands. As the signal input power becomes 
higher than the idlers input power, signal ΔOSNR decreases from 6 dB asymptotically to −6 
dB. On the contrary when signal input power becomes lower than the idlers input power, 
signal output ΔOSNR increases from 6 dB almost linearly with the power difference. On the 
other hand if the signal OSNR is much higher than the other three sidebands the output OSNR 
for the signal will be degraded asymptotically towards 6 dB. Generally, multi-mode PSAs can 
become very bandwidth-inefficient as the number of modes increases. It is considered as one 
of the major issues that hinders their near-future applications in real telecom systems. On the 
other hand, the mechanism of coherent power re-distribution among modes can find its place 
in systems where bandwidth resources are not as important as the reliability and the quality of 
received signal. Fields like free-space optics; spectroscopy or fiber optic sensors where the 
optical probe signal may deteriorate in OSNR due to the loss in the medium are promising 
candidates and can benefit from this mechanism [20, 21]. In biomedical applications a very 
high input SNR wave is required as the tissues can be highly absorbent [21]. For such 
applications PSAs can be used to restore the wave OSNR and thus relaxing the stringent 
requirement of high input OSNR waves. Recently in [22], a Raman amplifier was used to 
enhance the sensitivity of the high-speed biomedical sensors. Using PSA this type of signal 
wave can be restored and be used for sensing in the next medium. It is also shown that the 
OSNR improvement will be double to that of two mode PSAs. 
5. Conclusion 
We have investigated unbalanced noise as well as unbalanced signal-idler beating in a PSA 
and have shown the OSNR improvements for the lower input OSNR wave in excess of 20 dB. 
A simple theory was formulated which matches the experimental results very well. BER tests 
were performed to verify the OSNR measurements. This can be very useful in restoring low 
OSNR signals at the expense of other phase-locked sidebands. 
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